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Understanding tsunamis, potential source regions and
tsunami-prone mechanisms in the Eastern Mediterranean
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*Department of Civil Engineering, Ocean Engineering Research Centre, Middle
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Abstract: Historical tsunamis and tsunami propagation are synthesized in the Eastern Mediterra-
nean Sea region, with particular attention to the Hellenic and the Cyprus arcs and the Levantine
basin, to obtain a better picture of the tsunamigenic zones. Historical data of tsunami manifestation
in the region are analysed, and compared with current seismic activity and plate interactions.
Numerical simulations of potential and historical tsunamis reported in the Cyprus and Hellenic
arcs are performed as case studies in the context of the nonlinear shallow-water theory.
Tsunami wave heights as well as their distribution function are calculated for the Paphos earth-
quake of 11 May 1222 and the Crete earthquake of 8 August 1303 as illustrative examples
depicting the characteristics of tsunami propagation, and the effects of coastal topography and
near-shore amplification. The simulation studies also revealed that the long-normal distributions
are compatible with reported damage. Furthermore, it is necessary to note that high-resolution
bathymetry maps are a crucial component in tsunami wave simulations, and this aspect is
rather poorly developed in the Eastern Mediterranean. The current study also demonstrates the
role of bottom irregularities in determining the wave-height distribution near coastlines. Assuming
the probability of occurrence of destructive tsunamigenic earthquakes, these studies will help us to
evaluate the tsunami hazard for the coastal plains of the Eastern Mediterranean Sea region. We
suggest that future oceanographic and marine geophysical research should aim to improve the res-
olution of bathymetric maps, particularly for the details of the continental shelf and seamounts.

The complexity of plate interactions and associated
crustal deformation in the Eastern Mediterranean
region is reflected in many destructive earthquakes
that have occurred throughout its recorded history,
many of which are well documented and studied.
Catastrophic tsunamis have also been observed at
most of the European coasts. The Eastern Mediter-
ranean region, including the surrounding areas of
western Turkey and Greece, is one of the most seis-
mically active and rapidly deforming regions in the
world. Thus, the region provides an excellent
natural laboratory and offers a unique opportunity
to improve our understanding of the complexities
of continental tectonics in an active collisional
orogen (Taymaz et al. 2004; Fig. 1). The major
scientific observations from this natural laboratory
have clearly helped us to better understand the tec-
tonic processes in active collision zones, the mode
and nature of continental growth, and the causes
and distribution of seismic, volcanic and geomor-
phological events (e.g. tsunamis) and their impact
on humans and civilization. A tsunami is a very
large ocean- or sea-wave triggered by various
large-scale disturbances of the ocean floor such as

submarine earthquakes, volcanic activities or land-
slides. These waves have unusually long wave-
length, in excess of 100 km, generated in the open
ocean and transformed into a series of catastrophic
oscillations on the sea surface close to coastal
zones. At the vicinity of the earthquake source, mul-
tiple reflections owing to deep basins and partial
wave trapping because of the complex sea-bottom
morphology generate complicated wave-train pat-
terns, and it is difficult to determine whether these
are related to the source or path effects. On the
other hand, there is a long record of tsunami occur-
rences and damaging tsunamis observed repeatedly
in the oceans and seas. Future tsunamis could be
even more catastrophic than past events, as a
result of the increasing occupation of the coasts
with the economic development of coastal countries
in recent decades. Furthermore, protection from
natural disasters and mitigation of their effects on
the environment and societies are becoming more
important issues throughout the world.

The seismicity of the Aegean and the Mediterra-
nean regions in general has been recorded from the
ancient world to the end of the Middle Ages by an
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Fig. 1. Summary sketch map of the faulting and bathymetry in the Eastern Mediterranean Sea region, compiled from
our observations and those of Le Pichon ef al. (1984), Taymaz et al. (1990, 1991), Saroglu ef al. (1992), Papazachos
et al. (1998) and McClusky et al. (2000). NAF, North Anatolian Fault; EAF, East Anatolian Fault; DSF, Dead

Sea Fault; EPF, Ezinepazar Fault; PTF, Paphos Transform Fault; CTF, Cephalonia Transform Fault; G, Gokova;
BMG, Biiyiik Menderes Graben; Ge, Gediz Graben; Si, Simav Graben; BuF, Burdur Fault; BGF, Beysehir Golii
Fault; TF, Tatarli Fault; SF, Sultandag Fault; TGF, Tuz Golii Fault; EcF, Ecemis Fault; ErF, Erciyes Fault; DF, Deliler
Fault; EF, Elbistan Fault; KFZ, Karatas—Osmaniye Fault Zone (see also Taymaz et al. 2007). Large black arrows show
relative motions of plates with respect to Eurasia (McClusky et al. 2000, 2003). Bathymetric contours are shown at
1000 m interval, and are from GEBCO (1997) and Smith & Sandwell (19974, b).

extraordinary wealth of written and epigraphic
sources and this historical heritage is one of the
most precious in the world. Thus, for the present
study historical earthquakes and associated tsuna-
mis are identified from verified catalogues
(e.g. Guidoboni et al. 1994; Ambraseys & Melville
1995; Guidoboni & Comastri 20054, b; Sbeinati
et al. 2005). Understanding of the geometry and
evolution of potential source (seismogenic)
regions and the source rupture process along
active zones has crucial implications for tsunami

generation. Around the Mediterranean Sea,
Marmara Sea and Black Sea there is a high potential
risk for generation of tsunamis, and the most
destructive events have occurred along the coasts
of Portugal, Italy, Greece and Turkey. The impact
of tsunamis on human societal life can be traced
back in written history to late Minoan time
(1600-1300 BC) in the Eastern Mediterranean,
when the strongest tsunami caused by the volcanic
eruption of Santorini resulted in degradation of
the Minoan civilization, and it has been further
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concluded that this eruption and the following
tsunami were widely observed on the coastal
plains of western Turkey and Crete (Minoura
et al. 2000). Hence, tsunamis have caused severe
damage and flooded lowlands in many segments
of the Mediterranean coasts. Historical documents,
and geological, archaeological and many trench
studies demonstrate that parts of the Turkish coast-
lines have suffered from disastrous sea-waves
several times in the past (Yalciner er al. 2002,
2004; Boschi et al. 2005; Guidoboni & Comastri
2005a, b; Scheffers & Kelletat 2005; Fokaefs &

33

30" &

Papadopoulos 2006; Papadopoulos et al. 2007).
The style of seismic deformation along the Cyprus
and Hellenic arcs exhibits the characteristics and
structural complexities associated with strike-slip,
thrust and normal faulting as a result of conver-
gence between the Aegean, Anatolia, Eurasia and
Eastern Mediterranean lithosphere. Existing obser-
vations and inferred seismological results indicate
that there are younger tectonic, slope failure fea-
tures within the lower part of the continental slope
that are tsunamis-prone locations along the neigh-
bouring coastlines of the Mediterranean Sea

33" 36°
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Fig. 2. A sketch map of the known tsunamigenic zones in the Eastern Mediterranean Sea region (see Tables A1—-A3
for details). Rectangular boxes with numbers refer to the regions discussed in the text: 1, Bartin— Amasra shelf,

SW Black Sea; 2, Sea of Marmara; 3, North Aegean trough; 4, Gulf of Corinth; 5, western Hellenic arc; 6, south of
Crete; 7, eastern Hellenic arc; 8, the Cyclades; 9, Seferihisar-Kusadasi, W Turkey; 10, SW of Cyprus arc; 11, Dead Sea
Fault Zone and Levantine Sea. Large black arrows show relative motions of plates with respect to Eurasia
(McClusky et al. 2000, 2003). Bathymetric contours are shown at 1000 m interval, and are from GEBCO (1997).
Seismicity of the region reported by USGS—NEIC during 1973-2007 for M > 4 is shown by small open circles. The
display convention of major plate boundaries is the same as in Figure 1.
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(Makris & Stobbe 1984; Taymaz ef al. 1990, 1991;
ten Veen et al. 2004; Yolsal & Taymaz 2004, 2005;
Fig. 2). In addition to historical and geological
information, and the distribution of active fault
zones, volcanoes and other probable tsunami-
prone sea-bottom morphological structures, there
are numerous source regions that may be considered
responsible for severe tsunamis. However, major
tsunami recurrence in the Eastern Medierranean
region is of the order of several decades and the
memory of tsunamis is short lived. Thus, the compi-
lation of reliable tsunami databases is of great
importance for a wide range of tsunami research
(e.g. statistics and hazard assessment, numerical
modelling, risk assessment, early warning oper-
ations, public awareness).

Hence, we aim to concentrate on tsunami risk
mapping for regions where no severe tsunami has
occurred recently, but the geomorphological and
topographic features, and the geodynamic and seis-
motectonic settings are similar to those of areas
devastated by recent catastrophic tsunamis such as
Sumatra (Barber et al. 2005) and where reliable his-
torical records of tsunamis are available (Guidoboni
& Comastri 20054, b). In this paper, tsunami events
known to have occurred in the Eastern Mediterra-
nean Sea region are summarized, and synthetic
tsunami simulations are presented as case studies
to demonstrate preliminary tsunami risk esti-
mates. Thus, this study deals only with earth-
quake-induced tsunamis.

Quantification of tsunamis

There have been considerable efforts early the
1930s to improve quantification of tsunamis
observed globally (Sieberg 1932). However, this
is still a puzzling aspect in tsunami research, as
several intensity scales have been proposed to
measure tsunami size (i.e. intensity and/or magni-
tude). On the other hand, earthquake magnitude is
an objective physical parameter that defines the
energy release radiated at the centroid, and does
not directly reflect macroseismic effects although
variable intensities at different geological locations
can be observed. Nevertheless, Okal (1988) has
already studied in detail the influence of the
seismic source parameters (e.g. focal depth,
source mechanism (geometry of faulting), seismic
moment and directivity) on the generation of a
tsunami, using the modal approach for laterally
homogeneous, structural models. These boundary
conditions certainly play an important role in defin-
ing the amplitude of tsunami waves, but so too do
the other essential key parameters (i.e. the effects
of the directivity as a result of rupture propagation
along a fault, and enhanced tsunami excitation in

a medium with weaker elastic properties, such as
sedimentary layers). Thus, the quantification of
tsunamis could easily be approached by analogy
to general aspects of earthquake seismology
(e.g: Abe 1979, 1981, 1985; 1989; Murty &
Loomis 1980; Gasperini & Ferrari 2000; Papado-
poulos & Fokaefs 2005; Papadopoulos & Satake
2005). In the Mediterranean region, tsunami inten-
sity (k) is traditionally estimated using the
Sieberg—Ambraseys scale (Ambraseys 1962), and
tsunami magnitude (Mt or My) is generally calcu-
lated using the analytical formulae that have been
developed (e.g. Murty & Loomis 1980). However,
it should also be noted that the tsunami magnitude
scales are usually based on direct measurements
of tsunami wave heights at tide gauges located
near coastlines. On the other hand, there are other
effective parameters in tsunami generation such as
coastal topography, variations in near-shore
bathymetry, and the reflection, refraction, diffrac-
tion and resonance of sea-waves, to name a
few. Thus, it is desirable to have a better
calibration of analytical formulae based on both
the quality and quantity of instrumental tide-
gauge measurements.

Analysis of historical tsunamis in the
Eastern Mediterranean

The descriptions of historical tsunamigenic earth-
quakes in the Eastern Mediterranean region are pro-
vided in valuable catalogues in various languages
and recently compiled by Guidoboni & Comastri
(2005a), who analysed sources in several languages
(Greek, Latin, Arabic, Hebrew, Armenian, Italian,
French, German, Ottoman and modern Turkish,
etc.). Although the accounts of events gathered in
catalogues cannot necessarily be described as
definitive owing to the nature of research con-
sidered, they are very valuable documentation for
researchers. Of course, the catalogues also contain
much information on earthquakes, tsunamis,
environmental effects, stories related to societal
life and even religious belief, which should be
carefully used by cross-correlating with other
sources of information to gather self-consistent
and complete datasets. Thus, in this study we
have summarized tsunamigenic earthquakes in
groups in the Appendix (Tables Al1-A3) with
relevant references.

In Figure 3, the locations of tsunamigenic
earthquakes reported during the 11th—15th centu-
ries in the Eastern Mediterranean region are
plotted and are correlated with seismically active
regions (see Table Al; Guidoboni & Comastri
2005a). Locations of tsunamigenic earthquakes
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Fig. 3. Reported locations of tsunamigenic earthquakes during 11th—15th centuries in the Eastern Mediterranean Sea
region (Guidoboni & Comastri 2005a). Large black arrows show relative motions of plates with respect to Eurasia
(McClusky et al. 2000, 2003). Bathymetric contours are shown at 500 m interval, and are from GEBCO (1997). The
display convention of major plate boundaries is the same as in Figure 1. Numbers refer to tsunamigenic events in

Table Al.

reported in the Levantine basin and surrounding
regions from 1365 BC to AD 1900 are shown in
Figure 4, and a selected table of historical tsuna-
migenic earthquakes with estimated intensities at
relevant locations and accompanying geomorpho-
logical effects are further summarized in
Table A2 (see Sbeinati et al. 2005). It can be
seen that there are about a dozen or so strong
tsunami events in the Eastern Mediterranean,
which reflects an apparent recurrence interval of
about 150-200 years. It is also evident that tsuna-
migenic events are associated mainly either with
seismogenic zones or with the active volcanic
complex of Thera and seamounts of the Eastern
Mediterranean Sea. However, some of the dama-
ging historical tsunamis (e.g. 1303 and 1481) in
the eastern Hellenic arc also threatened the
coastal plains of the Cyprus, the Levantine and
Alexandria—Nile Delta (Egypt) regions, and thus
special care should be taken in evaluating of the
tsunami risk of the region.

In Figure 5, locations of tsunamigenic earth-
quakes reported along the Hellenic arc and trench
system are plotted, and they are correlated with rel-
evant seismogenic zones (see Table A3; Papado-
poulos et al. 2007).

Synthetic tsunami simulations

Geodynamic and seismotectonic setting

The Eastern Mediterranean Sea region is seismi-
cally active and its geodynamic and seismotectonic
setting is mainly dominated by the Hellenic and the
Cyprus arcs, the left-lateral strike-slip Dead Sea
fault and the Levantine rift (Fig. 6). There are
many historical documents available to correlate
earthquakes and tsunamis along these seismogenic
zones (e.g. Guidoboni et al. 1994; Ambraseys &
Melville 1995; Papazachos ef al. 1999; Guidoboni
& Comastri 2005a, b; Sbeinati et al. 2005;
Fokaefs & Papadopoulos 2006). In the Hellenic
and Cyprus arcs crustal and intermediate-depth
dip-slip faulting earthquakes often occur mostly in
the submarine environment, and therefore dama-
ging events are expected to generate strong tsuna-
mis by co-seismic displacement. However, there
are some cases where the generation mechanism
of locally strong tsunamis associated with earth-
quakes reported clearly on land along the strike-slip
Dead Sea fault and the Levantine rift remains unex-
plained. One possibility could be triggered slump-
ing of unstable sediments on the shelf and/or
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Fig. 4. Reported locations of tsunamigenic earthquakes in the Levantine basin and surrounding regions from 1365 BC to
AD 1900 (Sbeinati et al. 2005). Large black arrows indicate relative motions of plates with respect to Eurasia (McClusky
etal. 2000,2003). Bathymetric contours are shown at 500 m interval, and are from GEBCO (1997). The display convention
of major plate boundaries is the same as in Figure 1. Numbers refer to tsunamigenic events in Table A2.

propagating line-source and directivity effects of
the rupture. It should also be noted that none of
the reported tsunamis associated with seismic
activity in the Dead Sea fault region propagated
large distances. This may be due to very strong
sea-wave attenuation, which is a known feature of
landslide-generated tsunamis. In the Cyprus arc,
earthquake activity is clearly recognized at offshore
seismogenic zones west and SW of Cyprus, where
tsunami generation by coseismic displacement in
the submarine environment is possible (Figs 4 and

6). Therefore, tsunami potential and hazard in the
Cyprus—Levantine region should not be neglected
when considering the effects of the 1303 and 1481
tsunamis in the Hellenic arc (Tables A1-A3; Gui-
doboni & Comastri 2005a). In summary, the kin-
ematics of the active sutures and plate boundaries
and associated secondary structures in the Eastern
Mediterranean Sea region is capable of generating
damaging tsunamis.

In Figure 6, the seismicity of the Cyprus arc
reported by the USGS—NEIC during 1973-2007
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Fig. 5. Reported locations of tsunamigenic earthquakes along the Hellenic arc and trench system (Papadopoulos 2001;
Papadopoulos et al. 2007). Large black arrows show relative motions of plates with respect to Eurasia (McClusky
et al. 2000, 2003). Bathymetric contours are shown at 500 m interval, and are from GEBCO (1997). Major plate
boundaries are as shown in Figure 1. Numbers refer to tsunamigenic events in Table A3.

for M > 3 is shown, including bathymetry data pro-
vided by GEBCO (1997). The current seismic
activity is mainly concentrated on the southern
flanks of the Troodos massif, and south and SW
of Cyprus along the Paphos transform fault
(PTF). The details of the clusters at crustal and
intermediate depths and their source rupture
properties have been described by Yolsal &
Taymaz (2004, 2005). It is obvious from the dis-
tribution of histograms that not many large earth-
quakes (M > 7) have occurred in the region for
about 30 years or so. This is not surprising
when the recurrence periods in the historical cat-
alogues of earthquakes and tsunamis are con-
sidered. Nevertheless, this region is capable of
generating tsunamis by coseismic fault displace-
ments provided that large earthquakes occur at
relatively shallow depths.

The nonlinear shallow-water theory

Tsunamis are mainly generated by the sudden
movement of the sea bottom as a result of submar-
ine earthquakes, which causes long sea-waves for

which the vertical acceleration of water particles
is negligible compared with gravitational accelera-
tion. The curvature of trajectories of water particles
is relatively small except for oceanic propagation of
a tsunami. Consequently, the vertical motion of
water particles has no effect on the pressure distri-
bution. Thus, it is a good approximation to
assume that the pressure is hydrostatic. Further-
more, tsunami waves travel outwards in all direc-
tions from the source area, with the direction of
the main energy propagation generally being
orthogonal to the direction of the earthquake
rupture zone, at various speeds depending on the
depth of water propagated. Near shorelines, the
tsunami-wave speed slows to just a few tens of kilo-
metres per hour; however, the height of the waves
increases to tens of metres. For the propagation of
tsunami waves in shallow water, the horizontal
eddy turbulence can be negligible compared with
bottom friction except for the run-up on land.
Therefore, it can be assumed that horizontal velo-
cities of water particles are vertically uniform.
In recent years, numerical models have been
developed to simulate tsunami waves and their
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Fig. 6. Seismicity of the Cyprus arc and surroundings reported by USGS—NEIC during 1973-2007 scaled with
respect to magnitudes for M > 3. Bathymetry data are derived from GEBCO/97-BODC, provided by GEBCO

(1997) and Smith & Sandwell (1997a, b).

interaction with land masses based on long-wave
equations with respect to related initial and boundary
conditions. In the present study, the nonlinear

shallow-water mathematical models TUNAMI-N2,
AVI-NAMI and NAMI-DANCE are used to simu-
late the propagation of tsunami waves in the form
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Fig. 7. (a) Seismicity of the Cyprus arc and surroundings as in Figure 6. Box with star refers to approximate location of
the 11 May 1222 Paphos earthquake (M ~ 7.5) and tsunami, for which simulations are generated by applying an
analogous representative earthquake derived from teleseismic P- and SH-wave modelling studies of current
earthquakes. The parameters of tsunami simulations are shown in the box in the lower right corner, and a representative
fault-plane solution obtained from current earthquake source mechanisms is shown above in a lower hemisphere
projection. (b) Snapshot of the initial tsunami generated with the parameters given in (a). Letters and numbers refer to
geographical locations where macroseismic observations have been partly reported (Guidoboni & Comastri 20054),
and synthetic tsunami mareograms generated at pseudo-tide-gauge locations, and details are shown in Figure 8a and b.
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Fig. 8. (a) Snapshots of the tsunami wave propagation generated using nonlinear shallow-water theory for various
times at 10 min intervals for the 11 May 1222 Paphos event. The water surface height is in metres and a colour scale is
given on the right-hand side in metres. It should be noted that the bathymetric features of the Nile Delta (Fig. 7b) act as
a natural barrier to slow down tsunami waves at shallower depths (<500 m) by refractions and diffractions of
sea-waves. If we compare synthetic tsunami mareograms at 30, 40, 50 and 60 min, anomalous sea-wave heights are
obvious at location u in (b) (Alexandria, Egypt), where there is c. 1 m mareogram amplitude. This could be due to a
deep basin and sudden shelf break clearly reflected in the bathymetry. However, no significant sea-wave amplitudes
were calculated at locations marked in (b) with filled circles and without letters. (b) Computed tsunami records at
selected locations for the 11 May 1222 Paphos event. The vertical and horizontal scales show water surface elevation
(wse) in centimetres and tsunami simulation time (t) in minutes, respectively. Above each tsunami mareogram, the
maximum synthetic wave-heights (H) and theoretical arrival times (T) are given in centimetres and

minutes, respectively.
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of Saint-Venant equations (Shuto et al. 1990; Peli-
novsky et al. 2001; Zahibo et al. 2003; Yal¢iner &
Pelinovsky 2007).

Case studies

Paphos, Cyprus, 11 May 1222 (06:15 UT, latitude
34°42'N, longitude 32°48'E, lo = IX, Me ~ 7.0—
7.5).  In this section we present a case study of
the 11 May 1222 Paphos, Cyprus earthquake and
tsunami for which synthetic tsunami simulations
are generated to analyse the importance of joint
examination of earthquake source mechanism and
tsunami simulation studies (Figs 6-8). The
Paphos, Cyprus earthquake and related tsunami of
11 May 1222 is one of the most destructive events
reported in many historical catalogues (Ergin
et al. 1967; Ambraseys et al. 1994; Guidoboni &
Comastri  2005a; Table Al). The towns of
Limasol, Paphos and Nicosia were severely
affected, especially Paphos, where the castle col-
lapsed and there were many victims. The earth-
quake was also felt in regions as far as Alexandria
(Egypt), and the harbour at Paphos was left comple-
tely without water.

The choice of the tsunami source is usually a
complicated problem because it requires a good
knowledge of the earthquake rupture mechanism.
The related parameters for the 11 May 1222
Paphos event are adapted by analogy to current
plate boundaries and earthquake source mechan-
isms obtained by inversion of teleseismic P- and
SH-waveforms (Yolsal & Taymaz 2004, 2005).
We have assumed that the initial wave elevation
reflects instantaneously the bottom displacement,
obtain rough estimates of the tsunami character-
istics, although the earthquake magnitude, source
depth and displacement are also critical parameters.
However, the trade-off between the tsunami heights
on different coastal plains should be more realistic,
as it depends on the coastal topography and on very
rough characteristics of the tsunami source
(i.e. earthquake source orientation).

In the present study, we use the numerical
models TUNAMI-N2 and AVI-NAMI based on
the method of Okada (1985) for simulation and
animation of tsunami generation and propagation,
and of coastal amplification of nonlinear long
waves in a given arbitrarily shaped bathymetry.
TUNAMI-N2 and AVI-NAMI algorithms are the
key tools for developing studies for the wave
propagation and coastal amplification of tsunamis
in relation to various initial conditions. The rou-
tines also compute the water surface fluctuations
and velocities at all locations, even for shallow-
water and land regions within the limitations of
the bathymetric grid size used (Shuto et al
1990; Goto et al. 1997; Yalgmer et al. 2003,
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2004). The coseismic deformation is computed
using an elastic dislocation model that yields the
vertical deformation on the sea floor in the epi-
central area as a function of the ground elastic
parameters and the fault-plane geometry (Okada
1985). For the simulation, it is assumed that this
deformation is instantaneous and fully transmitted
to the sea surface. Hence, the earthquake source
can then be modelled as a rupture of a single rec-
tangular fault plane characterized by parameters
describing location, orientation and rupture direc-
tion of the plane (i.e. rupture length, rupture
width, focal depth, maximum displacement,
strike, dip, rake angles). We have further gathered
global bathymetric data provided by GEBCO
(1987) and Smith & Sandwell (1997a, b) with a
1000 m grid size for the tsunami simulations and
a time-step of Ax/Ar= (2ghmax)1/ 2, where Iy
and g are the maximum still water depth and
gravitational acceleration, respectively, in a
concept of stability to provide stable and
meaningful results.

Figure 8a shows snapshots of the tsunami
wave propagation generated using nonlinear
shallow-water theory for various times at
10 min intervals for the 11 May 1222 Paphos
event. It should be noted that the bathymetric
features of the Nile Delta (Fig. 8a and b) act
as a natural barrier to slow down tsunami
waves at shallower depths (<500m), as a
result of refractions and diffractions of sea-
waves. The effects of tsunami waves are clearly
visible when synthetic tsunami simulations at
30, 40, 50 and 60 min are compared. Anomalous
sea-wave heights are obvious at location u
(Alexandria, Egypt), where there is ¢. 1 m mar-
eogram amplitude (Fig. 8b). This could be due
to a deep basin and sudden shelf break reflected
in the coastal bathymetry. However, there are no
significant sea-wave amplitudes calculated at
locations marked with filled circles without
letters. The computed water surface elevations
(wse) and theoretical arrival times are presented
at selected locations for the 11 May 1222 event
in Figure 8b.

Crete, 8 August 1303 (03:30 UT, latitude 35°11'N,
longitude 25°38'N, lo =X, Me ~ 8.0). The
earthquake of 8 August 1303 proves to be one
of the largest and best-documented seismic
events in the history of the Mediterranean area.
The effects of this earthquake and associated
tsunami waves were very destructive and in
many ways comparable with other reported
events of 29 May 1508 (Ambraseys et al. 1994)
and 12 October 1856 (Sieberg 1932; Ambraseys
et al. 1994). It has been suggested that the epicen-
tre was probably near the island of Crete, and
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Fig. 9. (a) Seismicity of the Hellenic arc and surrounding region reported by USGS—NEIC for 1973-2007
scaled with respect to magnitudes for M > 5. The box with star indicates the approximate location of the 8
August 1303 Crete earthquake (M ~ 8.0) and tsunami, for which simulations are generated by applying an
analogous representative earthquake derived from teleseismic P- and SH-wave modelling studies of current
earthquakes. The parameters of tsunami simulations are shown in the box in the lower right corner, and a
representative fault-plane solution obtained from current earthquake source mechanisms is shown above in a
lower hemisphere projection. Large black arrows show relative motions of plates with respect to Eurasia
(McClusky et al. 2000, 2003). Bathymetric contours are shown at 500 m interval, and are from GEBCO
(1997). (b) Snapshot of the initial tsunami generated with the parameters given in (a). Letters and numbers
refer to geographical locations where macroseismic observations were partly reported (Guidoboni & Comastri
2005a), and synthetic tsunami mareograms generated at pseudo-tide-gauge locations, and details are shown in
Figure 10a and b.



214 S. YOLSAL ET AL.

Fig. 10. (a) Snapshots of the tsunami wave propagation generated using nonlinear shallow-water theory for various
times at 10 min intervals for the 8 August 1303 Crete event. The water surface height is in metres and a colour scale is
given on the right-hand side in metres. (b) Computed tsunami records at selected locations for the 8 August 1303 Crete
event. The vertical and horizontal scales show water surface elevation (wse) in metres and tsunami simulation time (t)
in minutes, respectively. Above each tsunami mareogram are maximum synthetic wave-heights (H) and theoretical
arrival times (T), given in centimetres and minutes, respectively.
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after this event tsunami waves were reported to be
seen as far as the coastlines of Crete, the Pelepon-
nese, Rhodes, Antalya (SW Turkey), Cyprus, Acre
and Alexandria—Nile delta (Egypt). In addition,
this earthquake and associated damage distri-
butions are listed in most descriptive and para-
metric catalogues for the Mediterranean basin.
However, the orientations of active faults vary
along the concave part of the Hellenic arc (e.g.
Pliny and Strabo trenches) in accordance with
subduction of remnants of old lithospheric slab
(Taymaz et al. 1990, 1991). Hence, the Hellenic
trench in the vicinity of Crete should be con-
sidered to be a seismogenic zone of considerable
importance in the Mediterranean region (Guido-
boni & Comastri 1997).

Figure 9 shows seismic activity of the Helle-
nic arc and surroundings. The rectangular box
with a star indicates the approximate location of
the 8 August 1303 Crete earthquake (M ~ 8.0)
and tsunami for which simulations are generated
by applying an analogous representative earth-
quake derived from teleseismic P- and SH-wave
modelling studies of current earthquakes during
instrumental seismology (Taymaz et al. 1990;
Yolsal & Taymaz 2004, 2005). A snapshot of
the initial tsunami waves generated with the par-
ameters given in Figure 9a is shown in Figure 9b.
Letters and numbers refer to geographical
locations where macroseismic observations were
partly reported (Guidoboni & Comastri 2005a),
and synthetic tsunami mareograms generated at
pseudo tide-gauge locations, respectively, and
details are displayed in Figure 10. The effects
of tsunami waves are clearly visible when syn-
thetic tsunami mareograms at 30, 40, 50, 60, 70
and 80 min are compared (Fig. 10a). The largest
wave amplitudes are calculated at the eastern part
of Crete (c. 7m at location d). In contrast, the
effects of coastal bathymetry and nearshore topogra-
phy are obvious along the northern African coastline
near Alexandria (Egypt), where the maximum wave
height is ¢. 1.15 m, whereas at location ¢ it is c.
85 cm (Fig. 10b). A further clear feature is the
extent of the Nile Delta deposits on the Herodotus
abyssal plain, which is a NE-SW-trending
elongated depression zone bounded by the c.
3000 m isobath lying seaward of the northwestern
part of the Nile cone; the basin plain stratigraphy
consists of thick turbidite muds with pelagic inter-
beds (see Rothwell er al. 2000, figs 3 and 9b). We
have synthetically generated many tsunami simu-
lations with different source orientations and displa-
cements, and have been satisfied with a maximum
displacement of 8 m (Dy,.x), Which is in agreement
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with many historical reports (Ambraseys et al.
1994; Guidoboni & Comastri 1997; Hamouda
2006). We consider that this is not too high given
the magnitude of reported intensities and macroseis-
mic observations (M ~ 8.0). On the other hand, a
maximum displacement of 5 m does not adequately
explain the lack (or the excess) of tsunami wave
heights at most of the northern Africa coastal
plains, including Alexandria and Gaza. This also
indicates the importance of source parameters,
maximum displacement and of the coastal topogra-
phy acting as a natural barrier to slow down
tsunami sea-waves. It can also be argued that the
geometry of the Hellenic arc and of the Pliny—
Strabo trenches is responsible for the 1303 tsunami-
genic earthquake. This is a rather difficult question
to answer, but analogy with current seismicity and
source rupture studies implies that a north- to
NE-dipping plane with a significant amount of
strike-slip component mechanism would better fit
the regional and local seismotectonic and geo-
dynamics setting (Taymaz et al. 1990; Yolsal &
Taymaz 2004, 2005). Of course this is a still open
question, but we should keep in mind that there is
a dispute about the size and location of the 1303
earthquake in reported historical catalogues. Thus,
in the present study we have adopted the best
suited location in our simulation study (Fig. 9;
Guidoboni & Comastri 1997, 2005a). Nevertheless,
there are several tsunamis reported to have been
caused by strong earthquakes in the vicinity of
Rhodes to the east or NE of the island (Papadopoulos
et al. 2007; Table A3). In contrast, there were other
large earthquakes, on 26 June 1926 (M ~ 7.5-8.0)
and 25 April 1957 (M ~ 7.2), near Rhodes that did
not generate tsunamis; these are, of course, import-
ant for tsunami hazard assessment. Thus the ques-
tion remains: why are some Rhodes earthquakes
tsunamigenic and some others not?

Remote sensing and GIS contribution to
tsunami risk detection

LANDSAT ETM and digital elevation model
(DEM) data derived by the Shuttle Radar Topo-
graphy Mission (SRTM) provide an excellent
opportunity to detect traces of historical
tsunami events. On a regional scale the areas of
potential tsunami risk are determined by an inte-
gration of remote sensing, geological, seismotec-
tonic and topographic data, and historical reports.
Furthermore, remote sensing and geographical
information system (GIS) methods have proven
their utility for the detection of morphological
traces of potential ancient tsunami flooding, and
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in some cases morphological traces of sea-waves
as curvilinear scarps open to the sea side are
clearly visible (Theilen-Willige 2006). Geomor-
phometric  parameters (i.e. slope degree,
minimum or maximum curvatures) provide infor-
mation on the terrain morphology indicating geo-
morphological features that might be related to
tsunami events. In addition, LANDSAT ETM
data are also helpful for deriving information on
near-surface water currents in coastal areas that
might be useful to improve our understanding
of the influence of coastal morphology on the
streaming mechanism, which is of great import-
ance for tsunami wave simulation. During the
evaluation of the various remote sensing data it
has become evident that slope failure caused by
undercutting of slope profiles by flood waves is
a widespread phenomenon in coastal areas of
Eastern Mediterranean countries. One of the pro-
cedures to generate a tsunami hazard map could
be a comparison between the morphological
setting of regions historically affected by major
tsunamis and of those affected by recent ones
(e.g. the Sumatra earthquake and tsunami of 26
December 2004; Barber et al. 2005) and potential
risk sites on the Eastern Mediterranean coasts.
There are typical features observed in regions
prone to catastrophic tsunami events, such as
fan-shaped flat areas, drainage patterns, arc-
shaped walls and scarps, to name a few. On the
other hand, the remnants of tsunami floods can
be summarized as irregular swamps, ponds and
lagoons near the coast. The details of these
issues will be discussed elsewhere.

Implications

There are about a dozen or so strong tsunami
events in the Eastern Mediterranean, which
reflects an apparent recurrence interval of about
150-200 years (Tables A1-A3), and they are
associated mainly either with seismogenic zones
of the Hellenic arc, the Gulf of Corinth, central
Greece, Sea of Marmara, SW Black Sea, SW
Cyprus, the Dead Sea fault and Levantine basin,
or with the active volcanic complex of Thera
(Santorini, Columbos) and seamounts of the
Eastern Mediterranean Sea (Fig. 2). On the other
hand, some of the damaging historical tsunamis
(e.g. those of 1303 and 1481) in the eastern Hel-
lenic arc also threatened the coastal plains of the
Cyprus—Levantine and the Nile Delta regions, as
confirmed by our simulations, and thus special
care should be taken in the tsunami risk

assessment of the region. In this study, numerical
tsunami simulations with representative simple
source models are presented to examine the prob-
able effects of tsunamis originating in the Helle-
nic and Cyprus arcs. The likelihood of
occurrence of such earthquakes and associated
tsunamis is relatively low, but theoretical arrival
times (i.e. computed travel times) and water
surface elevation (wse) distributions are useful
to evaluate the tsunami hazard in the region. In
addition, it is obvious for us that tsunami simu-
lations present only rough estimates of expected
damage. However, it is essential systematically
to conduct field and sedimentological studies to
refine flooding estimates for historical and
recent tsunamis, as discussed by Dominey-Howes
et al. (2000). It is also vital to make use of remote
sensing technologies embedded in a GIS infor-
mation database as a complementary tool to exist-
ing tsunami hazard studies, to offer an
independent approach and to provide a base for
further field research. Furthermore, it is important
to note that high-resolution bathymetry maps are a
crucial component in tsunami wave simulations,
and this aspect is rather poorly developed in the
Eastern Mediterranean. Thus, future oceano-
graphic and marine geophysical research should
aim to improve the resolution of bathymetric
maps, particularly for the details of the continen-
tal shelf and seamounts.
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Appendix A

In this Appendix historical tsunamis are summarized in
Tables A1—A3 after reliable sources, and relevant refer-
ences are provided for further sources of observations.
UT, Universal Time; /, macroseismic intensity; lo, epicen-
tral intensity; Me, equivalent magnitude value (calculated
using the method of Gasperini et al. (1999) and Gasperini
& Ferrari (2000).



Table Al. Reported tsunamis during the 11th—15th centuries in the Eastern Mediterranean region (compiled after Guidoboni & Comastri 2005a)
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Date Region of destruction Geomorphological observations

5 December 1033 Israeli—Palestinian (at night; 32°00'N, 35°12'E; lo = IX, Me = 6.0) Tsunami and subsidence

There was serious and widespread damage at Jerusalem: part of the city walls and some churches and convents were damaged, as well as the prayer niche
(mihrab) in the mosque. This earthquake was felt from Egypt to the Negev desert, and from the mountains of Galilee to Syria in the north. The
earthquake also had substantial environmental effects: the sources record a tsunami on the coast of Palestine, causing the water in the port of Acre to
recede. Evidence of tsunami effects is confined to Acre, because it was a city able to produce written evidence, but it is reasonable to suppose that the
tsunami affected the whole coast (Ergin et al. 1967; Taher 1979; Soloviev et al. 2000).

12 March 1036 or 11 Cilicia?—southern Turkey Tsunami and landslides
March 1037

This earthquake is unknown to the seismic catalogue tradition. There is no record of damage, but the earthquake had substantial effects on the

environment: mountains were severely shaken, and there were probably some landslides. It has also been reported that there was a strong tsunami in
relation to this earthquake (Canard & Berberian 1973).

18 March 1068 Aila (Elat), Israel (06:30 UT; 29° 33'N, 34°57'E; Io = IX, Me = 8.1) Fissures, formation of new springs

1V L4 TVSTOA 'S

29 May 1068 Ramla, Jerusalem (32°34'N, 35°17'E; lo = IX, Me = 6.0) Tsunami, Euphrates overflowed

This earthquake is to be located in the sparsely inhabited region between Aila and Taima, and caused environmental effects as the sea withdrew from the
Mediterranean coast of Palestine, and then flowed back, engulfing many people. The River Euphrates overflowed its banks (Taher 1979; Ambraseys
et al. 1994; Soloviev et al. 2000).

20 May 1202 Western Syria—Lebanon (02:40 UT; 33°26'N, 35°43'E; To = X, Me = 7.6) Tsunami and landslides

This is one of the strongest and the best documented seismic events in the Mediterranean area, the most advanced historical and seismological study of
which has been provided by Ambraseys & Melville (1988). Gigantic waves rose up in the sea between Cyprus and the coast of Syria. The sea withdrew
from the coast, ships were hurled onto the eastern coast of Cyprus, fish were thrown onto the shore, and lighthouses were severely damaged (Guidoboni
& Traina 1996; Ambraseys & Jackson 1998; Ellenblum ef al. 1998).

11 May 1222 Cyprus (06:15 UT; 34°42'N, 32°48'E; lo = IX, Me = 6.0) Tsunami, springs and lake formation

The towns of Limasol and Nicosia were affected, and especially Paphos, where the castle collapsed and there were many victims. The earthquake was
also felt in Egypt. Limasol and Paphos, which are situated on the south and west coast of the island, respectively, were struck by a strong tsunami. The
harbour at Paphos was left completely without water (Ergin ef al. 1967; Ambraseys et al. 1994).
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8 August 1303 Crete (Greece) (03:30 UT; 35°11’N, 25°38'E; Io = X, Me = 8.0) Tsunami, landslides, flooding

This earthquake was one of the largest events in the Mediterranean area, and is referred to in the seismological tradition. There was an enormous reported
tsunami that struck Crete, the coast of Egypt and part of Palestine, and less serious effects were observed in the Adriatic (Ambraseys 1962; Taher 1979;
Guidoboni & Comastri 1997; El-Sayed et al. 2000; Soloviev et al. 2000).

18 October 1343 Sea of Marmara (Turkey) (16:15 UT; 41°03'N, 29°04'E; T = VIII) Tsunami

A large sea wave penetrated a long stretch of lowlying coast to a distance of about 1.8 km. Some boats were dragged from ports or other coastal places
where they were lying, and left behind. After a considerable time, the sea receded, leaving mud and dead fish on land (Ergin et al. 1967; Taher 1979;
Papazachos & Papazachou 1997; Soloviev et al. 2000; Ambraseys 2002a,b; Guidoboni & Comastri 2002).

20 March 1389 Chios (Greece) (12:30 UT; 38°16'N, 26°31'E; Io = VIII-IX, Me = 5.8) Tsunami

A sea-wave penetrated as far as the market square in Chios. Those present fled in fright to a nearby hill (Ambraseys 1962; Ergin et al. 1967; Papazachos
& Papazachou 1997; Soloviev et al. 2000).

July 1402 Gulf of Corinth (Greece) (38°09'N, 22°20'E; Io = X, Me = 6.3) Tsunami, landslides, fissures

The earthquake was accompanied by a strong tsunami that struck both shores of the Gulf of Corinth. The tsunami was more violent on the northern shore:
first the sea drew back about 970 m from the coast, and then it flowed back over the shore, penetrating more than 200 m, destroying the wheat crop.
There was an increased flow of water from springs at Patras and Corinth (Ambraseys 1962; Ergin et al. 1967; Ambraseys & Melville 1995; Soloviev
et al. 2000).

29 December 1408 Western Syria and Cyprus (35°40'N, 36°10'E; To = IX, Me = 6.0) Tsunami, landslides, avalanches

The earthquake was accompanied by a tsunami, perhaps in the stretch of a sea opposite or to the south of Mt. Cassius, but there is no specific information
available about its location. However, it has been suggested that the ‘surface-faulting’ may have stretched for at least 20 km from Qusayr, either SW
towards the coast, or southwards along one or more strands of the Dead Sea fault. The tsunami threw boats out of the sea onto the shore, but there was
no other damage (Taher 1979; Ambraseys & Melville 1995; Ambraseys & Jackson 1998).

19 December 1419 or Istanbul, NW Turkey Tsunami?
16 January 1420

The earthquake was a damaging one, and there was probably a tsunami as well, although the sources simply refer to unusual tides (Taher 1979;
Papazachos & Papazachou 1997; Ambraseys 2002b).

3 May 1481 and 17— Southern Aegean, Rhodes, Antalya Tsunami
18-19 December
1481

(Continued)
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Table Al. Continued

No.

Date

Region of destruction

Geomorphological observations

14

3 May 1481

3 October 1481

17 December 1481
18 December 1481
18 December 1481

19 December 1481

06:30 UT:

22:00 UT:

03:00 UT:

05:15 UT:

05:15 UT:

Rhodes, 36°26'N, 28°13'E; [ = V- VI
Antalya, 36°53'N, 30°42'E

Rhodes, 36°26'N, 28°13'E; [ = V- VI
Rhodes, 36°26'N, 28°13'E; [ = V-VI
Rhodes, 36°26'N, 28°13'E; [ = V- VI
Rhodes, 36°26'N, 28°13'E; I = VIII-1X

Rhodes, 36°26'N, 28°13'E; [ = [V-V

This earthquake series was very violent with many aftershocks, but did not cause extensive damage. However, the town of Rhodes was flooded by a
tsunami that reached a height of about 3 m. Immediately afterwards, the sea flowed back and returned to its normal level. Some collapses were reported

(Ambraseys 1962; Ben-Menahem 1979; Papazachos et al. 1986; Soloviev et al. 2000).

1 July 1494

Crete (Greece) (10:10 UT; 35°12'N, 24°55'E; Io = VIII-1X)

Tsunami

This earthquake was strong enough to create a local tsunami at Candia harbour. All the ships at anchor struck violently against each other to the extent
that they seemed likely to break up (Ambraseys 1962; Soloviev et al. 2000).

0ce
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Table A2. Reported tsunamis in the Levantine basin and surrounding regions from 1365 BC to AD 1900 (compiled after Sbeinati et al. 2005)

No. Date and magnitude Observed intensity locations Geomorphological observations References
1 c. 1365 BC VII-IX (Ugharit) Tsunami and fire S48, S82, BM79
VII (Tyre)
2 590 BC (My, 6.8) VII (Tyre) Tsunami (Tyre and Lebanese coast) BM79, PK81, S32
3 525 BC (My, 7.5) VII-IX (Tyre, Sidon) Tsunami (Bisri and Lebanese coast) S32, BM79, PK81
III-1V (Cyclades and Euboea islands)
4 148-130 BC VII (Antioch) Tsunami (Syrian coast) S32, G9%4
5 92 BC (My, 7.1) III-IV (Syria, Egypt) Tsunami (Levantine coast) BM79, PK81
6 13 December 115 VII (Antioch) Tsunami (Antioch, Yavne, Caesaria, BM79, PKS81
(My 7.4) VI-VII (Mirana) Palestine)
V (Rhodes), Pitana
7 303-304 (M1, 7.1) VIII (Sidon, Tyre) Tsunami (Caesaria in Palestine) BM79, PK81, G9%4
VII (Syria)
HI-1V (Al-Quds)
8 348-349 (My, 7.0) VII (Beirut) Tsunami (Beirut, Arwad) S32, BM79, G9%4
VI (Arwad)
9 9 July 551 IX-X (Beirut, Sur, Tripoli, Byblus, Al-Batron) Tsunami (Lebanese coast) S32, PK81, D00
VII-VIII (Sarfand, Sidon) Landslide (near Al-Batron)
M-IV (Arwad)
10 18 January 749 VII-IX (Mount Tabor) Tsunami, liquefaction, landslides and BM79, R85, G94
VIII (Baalbak, Nawa, Balqa) surface faulting
VII (Basra, Al-Quds, Tabaryya, Al-Ghouta, Manbej)
VII-VIII (Beit Qubayeh)
VI (Daraya)
V-VI (Ariha)
11 5 April 991 (M 6.5) VII-IX (Baalbak) Tsunami (Syria) S32, G9%4

VII-VIII (Damascus)
TII-1V (Egypt)

(Continued)

NVANVIIHLIAHIN NIILSVA FHL NI SINVNASL

12¢



Table A2. Continued

No.

Date and magnitude

Observed intensity locations

Geomorphological observations

References

12

14

15

16

17

19

November 1114
(M 7.0)

29 June 1170 (M. 7.9)

20 May 1202

8 August 1303

20 February 1404

29 December 1408

29 September 1546

21 July 1752 (M. 7.0)

VIII (Maskaneh)

VII-VIII (Maras, Samsat, Urfa)
VII (Harran)

V (Aleppo)

IV (Antioch)

VII-VIII Damascus, Homs, Hama, Al-Sham, Lattakia,
Baalbak, Shaizar)

VII (Barin)

VII-VIII (Aleppo)

V (Iraq, Al Jazira, Al-Mousel)

IX (Mount Lebanon, Baalbak, Tyre, Beit Jin)
VIII (Nablus, Banyas, Al-Samyra, Damascus, Hauran,
Hama, Tripoli )

VII (Cairo, Alexandria, Damanhur, Safad)

VI (Damascus, Hama)

IV (Antioch, Tunus, Barqa, Morocco, Cyprus, Istanbul,
Sicily)

VI-VII (Qalaat)

VIII (Bkas)

VII-VII (West of Aleppo, Qalaat Al-Margeb)
VII (Tripoli, Lattakia, Jableh)

VIII-IX (Shugr, Bkas)

VIII (Blatnes)

VII (Lattakia, Jableh, Antioch)
VI (Syria)

VI-VII (Nablus)

V (Damascus)

VI (Al-Quds, Yafa, Tripoli)
V (Famagusta)

VII (Lattakia)
V (Tripoli)

Tsunami (in Palestine) and landslides

Tsunami

Tsunami, landslides and aftershocks

Tsunami (Alexandria, Cairo-Damascus)

Tsunami (Aleppo)

Tsunami

Tsunami

Tsunami (Syrian coast)

BM79, PK81

ABBg9, PK81

AMBS, A94, Table Al

PK81, Table Al

S32, AB89, AM95

PT80, AM9S, Table Al

S32, PK81

S32, BM79

e
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20

21

22

23

24

30 October 1759
(M 6.5)

25 November 1759
(M 6.8)

13 August 1822
(My 7.1; Mg 7.4)

1 January 1837
(M 6.4)

3 April 1872 (M 7.3;

Ms 7.2)

VIII (Al-Qunaytra)

VII (Safad)

VI (Acre, An-Nasra, Sidon, Saasaa)

V (Damascus)

IV (Aleppo, Al-Quds, Beirut, Antioch, Gaza, Cyprus)

>VIII (Baalbak, Serghaya, Zabadani)

VII (Ras Baalbak, Al-Qunaytra)

VII-VIII (Damascus, Beirut, Sidon, Safad, Sur)
VII (Tripoli, Acre)

VI-VII (Homs, Hama, An-Nasra, Hosn Al-Akrad)
V-VI (Lattakia, Al-Quds, Gaza)

IX (Jisr Ash Shoughour, Quseir)

VIII-IX (Aleppo, Darkoush)

VIII (Antioch, Iskenderun, Idleb, Sarmeen, Kelless)

VII-VIII (Armanaz, Sarmada)

VII (Lattakia, Homs, Hama, Marag, Ram Hamadan,
Bennesh, Maarret Missrin )

III (Damascus, Gaza, Al-Quds, Black Sea, Cyprus)

VII-VIII (Safad, Nablus, Beit Lahm, Al-Khali)
VII (Tabariya)

VI-VII (Beirut)

VI (Damascus)

VIII (Harem, Armanaz)

VII-VIII (Buhyret Al-Amq, Antioch)
VII (Aleppo, Suaidiya)

VI-VII (Izaz, Idleb, Iskenderun)

IV (Hama, Homs, Tripoli)

1T (Damascus, Beirut, Sidon, Diyarbakir, Egypt, Rhodes)

Tsunami (Acre and Tripoli)

Tsunami and faulting

Tsunami and faulting (iskenderun,
Beirut, Cyprus, Jerusalem)

Tsunami

Tsunami

S32, BM79, AM89

BM79, AB89

BM79, PT80, A89

S32, BM79

A9, AB89, PT80

References: A89, Ambraseys 1989; AB89, Ambraseys & Barazangi 1989; AF95, Ambraseys & Finkel 1995; AF93, Ambraseys & Finkel 1993; AMS88, Ambraseys & Melville 1988; AM95, Ambraseys &
Melville 1995; A94, Ambraseys et al. 1994; BM79, Ben-Menahem 1979; D00, Darawcheh et al. 2000; E67, Ergin et al. 1967; G94, Guidoboni et al. 1994; PK81, Plassard & Kogoj 1981; PT80, Poirier &

Taher 1980; R85, Russel 1985; S82, Saadeh 1982; S05, Sbeinati ef al. 2005; S48, Schaeffer 1948; S32, Sieberg 1932; M;, local magnitude.
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Table A3. Reported tsunamis along the Hellenic arc and trench system (compiled after Papadopoulos et al. (2007) and Papadopoulos & Fokaefs (2005)

[3%]
[N
=~
No. Date Geographical region, Intensity, magnitude Geomorphological observations
1 (2227) 227 BC Rhodes, Tilos, Carian and Lycian towns Sea wave in Rhodes
(36°30'N, 27°48'E; lo: IX; Ms: 7.5)
Sieberg (1932) stated that a seismic sea wave was associated with the earthquake but this is not justified by the available historical documentation
Ambraseys 1962; Papadopoulos 2001).
2 66 South of Crete (35°12'N, 23°30'E) Crete
3 148 Rhodes, Dodecanese Islands (36°18'N, Destructive sea inundation
28°36'E; Io: IX; Ms: 7.0)
In the rhetorical speech ‘Rodiakos’ of Aristides Aelius (AD129-189), to the citizens of Rhodes, a strong tsunami caused by the earthquake is described
(see passages 20—26): ‘and I remember that in that fatal noon, when the calamity that happened to you started, when the sea was calm, ... and all the
earthquake force was directed against the city. .. Then the sea water retreated and the ports dried up... And the ports became as the dry ground. . .
And everything happened at the same moment: the earthquake of the sea, the clouds of the roaring, the lamentations, the noise of the dead bodies, 2]
the ground subsidence. . . Everything had collapsed’. (Papadopoulos et al. 2007). 5
=
4 262 South Asia Minor (36°30'N, 27°48'E) Sea inundation 2
=
Although there were a number of serious disasters in several parts of the Mediterranean, namely at Rome, and in Libya and Asia Minor (Ambraseys 5
1962; Antonopoulos 1980; Guidoboni et al. 1994), documents concerning earthquakes and associated sea disturbances remain rather uncertain. S
5 21 July 365 Crete (36°N, 23°E) Crete
6 (5547) 556 Cos, Dodecanese islands (36°48'N, 27°18'E; Io: Destructive earthquake and tsunami
10; Ms: 7.0)

Agathias (536—582) reported that the island of Cos ‘was shaken and only a very small part of it saved, while the rest collapsed . .. The sea rose up
greatly and inundated the buildings along the coast and caused destruction to human beings and their property.” The exact date of the earthquake
remains uncertain.

7 8 August 1303 Crete and Dodecanese Islands Destructive inundation
(35°00'N, 27°00E; 1o: X; Ms: 8.0)

According to many historical records (Ambraseys 1962; Ambraseys et al. 1994; Guidoboni & Comastri 1997), this earthquake was a very large
tsunamigenic earthquake that occurred in the eastern segment of the Hellenic arc between Crete and Rhodes. It created a strong tsunami wave that
affected Crete, Acre, Alexandria and Rhodes. Historical records indicated that the sea swept into Crete with such a force that it destroyed buildings
and killed inhabitants; also, the Nile was flooded with great sound, throwing boats a bow-shot on land and smashing their anchors; then the water
retreated leaving the boats on land (Antonopoulos 1980; El-Sayed et al. 2000; Papadopoulos et al. 2007). However, Evagelatou-Notara (1993) and
Guidoboni & Comastri, (1997) did not support that Rhodes was damaged by this tsunami, and considered that three sediment layers found in
Dalaman, SW Turkey, could be attributed to the 1303 tsunami (Papadopoulos et al. 2004). (See also Tables Al and A2.)



10

11

12

13

14

15

03 May 1481 Rhodes (at night; 36°30'N, 28°20'E; Io: VII; Damaging wave in Rhodes
Ms: 6.5)

This earthquake caused a 3 m high tsunami that flooded the coast, and a ship that was moved ashore was smashed in a reef and sank with all its crew
(Coronelli & Parisotti 1688; Tables Al and A2). Ben-Menahem (1979) reported a tsunami as far away as the Levantine coasts, and Papadopoulos
et al. (2004) suggested that radiocarbon dating of the medium tsunami sediment layer found at Dalaman indicates deposition in AD 1473 + 46.

1489 Dodecanese Islands, Antalya (36°36'N, Strong withdrawal
28°24'E)

This earthquake is questionable; a tsunami was described by Leonardo da Vinci to have occurred in 1489: ‘In (fourteen hundred) and 89 there was an
earthquake in the sea of Adalia (Antalya, south of Anatolia) near Rhodes, which opened the (floor of the) sea, and into this opening such a torrent
water poured that for more than three hours the floor of the sea was uncovered by the reason of the water which was lost in it, and then it closed (the
sea coming) its former level” (Baratta 1903; Ambraseys 1962; Antonopoulos 1980).

1 July 1494 Crete Tsunami

See Tables Al and A2 for details.

April 1609 Rhodes, SE Aegean Sea (36°24'N, 28°20'E; Sea-waves in Rhodes, Dalaman
To: IX; Ms: 7.2)

This earthquake was very large and caused tsunami waves affecting Rhodes and the Eastern Mediterranean coasts. Ambraseys & Finkel (1995)
compiled the historical catalogues and showed that: ‘half of the town, including the castle, was ruined, and (an exaggerated figure of) over 10 000
people were reported drowned by a sea-wave. .. This appears to have been a great earthquake, felt also in various places in Egypt and the Syrian
coast but further details are lacking.” Papadopoulos et al. (2004) did not find the 1609 tsunami in the Dalaman sedimentary stratigraphy.

8 November 1612 North coasts of Crete (35°30'N, 25°12'E; Damaging inundation
To: VIII; Ms: 7.0)

9 March 1630 Kythira, SE Aegean Sea Tsunami

14 February 1672 North Aegean Sea, Cos (39°42'N, 26°00'E; To: Sea-waves in Cos
VIII; Ms: 6.8)

This strong earthquake was felt not only in Lesvos and Tenedos, and then NE Aegean Sea, but also as far away as Cos, in the SE Aegean Sea, where a
sea wave is said to have followed the shock (Sieberg 1932; Montandon 1953; Ambraseys & Finkel 1995; Papadopoulos 2001; Papadopoulos et al.
2007).

31 January 1741 Rhodes, SE Aegean Sea (to: UTO1 (Universal Very strong waves in Rhodes
Time) 15; 36°12'N, 28°30'E; Io: VIII;
Ms: 7.3)

(Continued)
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Table A3. Continued

No.

Date Geographical region, Intensity, magnitude Geomorphological observations

17

This large, destructive and tsunamigenic event occurred between Rhodes and Cyprus, where minarets fell and the church of Santa Sophia in Famagusta
was damaged (Ambraseys et al. 1994). According to historical document (Ambraseys & Finkel 1995): ‘As a result of the earthquake, the sea in
Rhodes retreated and then flooded the coast 12 times with great violence, submerging the coast opposite the island and destroying five or six villages
located a kilometre inland’. Also, the upper tsunami sediment layer discovered in Dalaman by Papadopoulos et al. (2004) could be attributed to the
1741 tsunami.

14 March 1743 Antalya Sea withdrawal

Ambraseys & Finkel (1995) reviewed a report from Cyprus indicating the strong destructive earthquakes that shook the Antalya area to the east of
Rhodes. In this report: ‘I have been informed from Satalia (Antalya) that from the 8th to 20th of the month there were terrible earthquakes as a result
of which the port dried up for some time, many houses collapsed as well as part of the walls at different places which fell on the consul’s house,
destroying it. Many villages were lost in these earthquakes and a mountain opposite that, which lies west of the islet of Rachat, sunk completely’.

28 February 1851 South Asia Minor, Fethiye, Mugla, Rhodes Sea-wave in Fethiye
(36°24'N, 28°42'E; To: IX; Ms: 7.1)

Many historical documents indicate that this event was very strong and it caused destruction in Fethiye, SW Turkey and in Rhodes (Ambraseys 1962;
Ambraseys et al. 1994; Papazachos & Papazachou 1997). It is supported that the coast was flooded about 0.6 m above the normal sea-water level at
Fethiye (Perrey 1855; Ambraseys 1962; Antonopoulos 1980).

3 April 1851 South Asia Minor, Fethiye Gulf (36°24'N, Sea-waves in Fethiye
28°42'E)

The tsunami intensity is proposed as three, and this event was possibly an aftershock of the 28 February 1851 earthquake (Ambraseys et al. 1994).
Historical documents indicated about 1.8 m high inundation (height of the tsunami wave) in Fethiye region.

23 May 1851 Rhodes, Dodecanese Islands (36°24'N, Sea-waves in Rhodes
28°42'E)

This was another aftershock of the 28 February 1851 earthquake, and reported inundation by tsunami waves in Rhodes and Chalki is doubtful.

9TC
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21

22

23

24

25

13 February 1855 South Asia Minor, Fethiye Gulf Sea-waves in Fethiye

Doubtful inundation in Fethiye was reported by Schmidt (1879) and Perrey (1855) for this earthquake.

30 August 1926 Argolikos Gulf, SW Aegean Sea (36°30'N, Tsunami
23°18'E)
9 February 1948 Karpathos, SE Aegean Sea (to UT 12:58:13; Damaging sea-waves in Karpathos
35°30'N,

27°12'E; To: IX; Ms: 7.1)

As reported by Galanopoulos (1955, 1960), destruction was caused near Pigadia, Karpathos and ‘a huge seismic sea-wave that penetrated inland 1 km’;
the first motion of the sea was withdrawal (Papadopoulos et al. 2007). A few eyewitnesses reported that the first tsunami wave arrived about 5—
10 min after the earthquake and many vessels were moved ashore and destroyed. Field surveys indicated that the wave height was about 2.5 m in
Pigadia, penetration inland was about 250 m at its maximum to the west of Pigadia, and time of arrival after the earthquake occurrence ranged
between 5 and 10 min (Papadopoulos et al. 2007).

9 July 1956 Greek archipelago, South Aegean Sea Destructive large wave
Amorgos, Astypalea (to UT 03:11:40; 36°38'N,
25°58'E; Io: IX; Ms: 7.5)

This event is one of the largest and best documented tsunamigenic earthquakes in the Aegean Sea during the 20th century (Stiros et al. 1994). It
occurred near the SW coast of the island of Amorgos, killing 53 people, injuring 100 and destroying hundreds of houses. Tsunami waves were
reported to be particularly high on the SE coast of Amorgos (c. 30 m) (Ambraseys 1962) and on the north coast of the island of Astypalaea. It was
probably generated by either one or a series of submarine sediment slides down the slopes of the Amorgos—Astypalaea Trough (Perissoratis &
Papadopoulos 1999; Dominey-Howes et al. 2000). The reported run-up elevations for the tsunami waves varied depending to local bathymetry and
coastal configuration (Ambraseys 1962; Antonopoulos 1980; Papazachos et al. 1986).

5 April 2000 Heraklion, North Crete Tsunami

24 March 2002 City of Rhodes
(36°27'N, 28°12'E; Ms: 7.5)

Local press reports indicated that sea waves along the coasts of Rhodes reached 3—4 m high and they overtopped an elevated wall, which protects the
coastal street from sea-waves, and inundated a coastal segment as long as 2 km. The origin of the tsunami was thought to be aseismic submarine
slides, because of the lack of an earthquake before or after the tsunami occurrence in the general region of Rhodes (Papadopoulos et al. 2007).
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